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Background: DNR is a recently discovered transcriptional regulator homologous to the CO sensor CooA.
Results: NO binding to heme selectively allows activation; ligand dynamics energetics implies common mechanism for 6-co-
ordinate heme proteins.
Conclusion: DNR is an NO sensor acting as ligand trap.
Significance: Demonstration of NO-sensing function helps unravel signaling in the pathogen P. aeruginosa and describes
common mechanism in emerging class of 6-coordinate heme proteins.

DNR (dissimilative nitrate respiration regulator) is a heme-
binding transcription factor that is involved in the regulation of
denitrification in Pseudomonas aeruginosa. In the ferrous deoxy
state, the heme is 6-coordinate; external NO and CO can replace
an internal ligand. Using fluorescence anisotropy, we show that
high-affinity sequence-specific DNA binding occurs only when
the heme is nitrosylated, consistent with the proposed function
of DNR as NO sensor and transcriptional activator. This role is
moreover supported by the NO “trapping” properties revealed
by ultrafast spectroscopy that are similar to those of other heme-
based NO sensor proteins. Dissociated CO-heme pairs rebind in
an essentially barrierless way. This process competes with
migration out of the heme pocket. The latter process is ther-
mally activated (Ea �7 kJ/mol). This result is compared with
other heme proteins, including the homologous CO sensor/
transcription factor CooA, variants of the 5-coordinate myco-
bacterial sensor DosT and the electron transfer protein cyto-
chrome c. This comparison indicates that thermal activation of
ligand escape from the heme pocket is specific for systems where
an external ligand replaces an internal one. The origin of this
finding and possible implications are discussed.

Bacterial heme-based gas sensor proteins allow for adapta-
tion to different environmental stimuli, which is crucial for sur-
vival of the organisms (1–3). Diatomic gas signaling molecules
such as O2, CO, or NO are selectively sensed by a heme pros-
thetic group, and signaling is initiated by structural perturba-
tion following formation or dissociation of the heme-ligand
bond. Subsequently, intramolecular signal transmission events

and long range structural changes take place to regulate
physiological functions, including phosphorylation or DNA
binding. Sensor proteins can contain heme in different coor-
dination states when unliganded: in 5-coordinate heme-
based sensors, an external effector molecule typically binds
at the vacant distal position, whereas in 6-coordinate sys-
tems, an internal amino acid residue gets displaced in com-
petition with an external gas molecule. These different
sensing modes regulate ligand specificity and eventually
determine downstream signaling events.

A recently identified addition to the group of 6-coordinate
heme gas sensor proteins is DNR (“dissimilative nitrate respi-
ration regulator”). DNR is a member of the cAMP receptor
protein/fumarate and nitrate reductase regulator family of
transcriptional regulators and mediates NO-dependent induc-
tion of denitrification in the opportunistic pathogen Pseudomo-
nas aeruginosa (4). Homodimeric DNR has been purified in its
apo-form without a heme cofactor but is able to stoichiometri-
cally bind hemin in vitro with high affinity (5, 6). The protein is
structurally similar to the bacterial heme-based CO sensor pro-
tein CooA of the cAMP receptor protein/fumarate and nitrate
reductase regulator family (7, 8), which binds CO cooperatively
and uses a 6-coordinate heme to regulate the expression of
genes required for CO-oxidative growth. For CooA, large con-
formational changes, including domain rearrangements, have
been predicted between the inactive and the active, DNA-bind-
ing state (8 –10). An a priori unexpected feature of the DNR
structure is the position of the sensing domain, which is rotated
by �60° with regard to the inactive structure of CooA (11). It
has therefore been suggested that DNR equally undergoes large
conformational changes for DNA binding, although in a differ-
ent manner from CooA (11). How precisely heme controls the
NO-dependent response of DNR is not known. However, it is
noteworthy that, whereas the ferrous deoxy complex is 6-coor-
dinate, the ferrous heme-NO complex appears 5-coordinate
(6), a ligation form that is also observed in other heme-based
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NO sensing proteins, in particular in soluble guanylate cyclase
(12).

Qualitatively, it has been demonstrated that the DNR-NO
complex binds to a promoter sequence associated with a deni-
trification enzyme (6). One of the aims of the present study is to
quantitatively investigate the DNA binding affinity of DNR
using fluorescence anisotropy measurements and its depen-
dence on the heme ligation state. Physiological ligand-sensitive
DNA binding in the nanomolar affinity range was deduced.

The primary processes in heme-based sensor switching
mechanisms concern ligand binding to and ligand dissociation
from heme (10). Photodissociation of the heme-ligand bond
and subsequent monitoring of the spectroscopic changes
occurring upon heme ligation provide an exquisitely sensitive
probe of the heme-iron environment and allow characterizing
the intraprotein migration of these diatomic gaseous mole-
cules. Analysis of the dynamics of ligand binding and escape
provides information about the mechanistic implication of
these diatomic gases in early signaling events and insight into
how the pathway of the dissociated ligand is controlled by the
protein environment. Consequently, characterization of these
primary processes, which typically occur on the picosecond
time scale, is essential for a complete understanding of the
switching mechanism in these sensors. Here, we investigated
the recombination kinetics of CO and NO to the heme in DNR
using femtosecond transient absorption spectroscopy. We
observe that CO recombination in DNR is multiexponential
and occurs roughly on the same time scale as in CooA, but with
markedly less efficiency. Near complete and very fast NO
recombination, as in other NO-sensing proteins, provides fur-
ther support for a role of DNR as physiological NO sensor.

In general, in heme proteins, after dissociation of the heme-
ligand bond, the yield of escape is considerably higher for CO
than for NO or O2 (13). Studies of the heme-based, 6-coordi-
nate sensor protein Dos from Escherichia coli (E. coli Dos)
showed that �60% of dissociated CO rebinds to the heme on a
nanosecond time scale (14, 15). The observation that rebinding
and escape occur with similar rates made this sensor a suitable
model for studying the activation barriers involved in these pro-
cesses and revealed that CO rebinding is essentially barrierless,
whereas CO escape is thermally activated (15). As in E. coli Dos
the external gaseous ligand replaces an internal heme ligand,
the question arises whether the escape enthalpic barrier expe-
rienced is related to this ligand competition. To investigate this
question, we studied intraprotein CO migration and binding
barriers in the physiological temperature range in DNR and
CooA, with both being systems where the external gaseous
ligand replaces an internal amino acid ligand. Comparison with
a variant of the mycobacterial 5-coordinate heme sensor DosT,
where no ligand is bound in the heme pocket in the absence of
external ligands (16) and a ligand-binding variant of the elec-
tron transfer protein cytochrome c (17), which has no sensing
role, indicates that CO rebinding from the heme pocket is a
near-barrierless process and shines light on the factors deter-
mining the enthalpy barrier for ligand escape from the heme
pocket.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The dnr gene (4) from
P. aeruginosa (684 bp) was subcloned into a pET-28a(�) vector
(Novagen) using NdeI and BamH I restriction sites in frame
with an N-terminal His6 sequence. The construct was con-
firmed by sequencing and transformed into E. coli strain
BL21(DE3). Transformants were grown in Luria Bertani
medium containing 50 �g/ml kanamycin and protein expres-
sion was induced with 1 mM isopropyl 1-thio-�-D-galactopyra-
noside. For protein extraction, the cell pellet was resuspended
in lysis buffer (300 mM NaCl, 50 mM NaH2PO4, pH 8.0, 5 �g/ml
DNase, 1 mg/ml lysozyme) followed by sonication. The His6-
tagged polypeptide was purified using immobilized metal ion
affinity chromatography columns (Protino Ni-TED, Macherey-
Nagel) and eluted in 50 mM NaH2PO4, 300 mM NaCl, 250 mM

imidazole, pH 8.0, followed by imidazole elimination on a Sep-
hadex G-25 gel column (Sigma-Aldrich). For heme reconstitu-
tion, 100 �M purified DNR apoprotein (in 50 mM NaH2PO4, pH
8.0, 300 mM NaCl) and 400 �M ferric hemin (in 10 mM NaOH)
were incubated 2 h at room temperature. Excess of hemin was
subsequently removed on an Econo-Pac 10 DG gravity flow
column (Bio-Rad).

CooA from Rhodospirillum rubrum was expressed and puri-
fied as described (18) and suspended in 100 mM Tris, pH 8.0.
The wild type and Y169F mutant heme domains of DosT from
Mycobacterium tuberculosis were prepared as described (19)
and suspended in 50 mM Tris, pH 7.6, 150 mM NaCl.

Horse heart cytochrome c was purchased from Sigma. Car-
boxymethylated cytochrome c was formed by the addition of
neutralized bromoacetic acid to the CN complex of native fer-
ricytochrome c at pH 7. In this way, the intrinsic heme ligand,
Met-80, is displaced from coordination and becomes available
for reaction. Short incubation, 1 h at 25 °C, leads to minimal
chemical modification (17), limited to Met-80 and one other
residue, probably Met-65. Cyanide was removed by dialysis.
In the ferrous form, the protein undergoes a pH transition,
pK 7.2, from a penta-coordinate form at low pH to a hexa-
coordinate form at high pH 9, in which a lysine amino group
coordinates to the heme iron. Both forms bind CO with high
affinity, K � 1.3 109 M�1 at pH 5.9 and K � 8 107 M�1 at pH
9.2. The spectral properties of the CO adduct are pH inde-
pendent in this range. The ligand-binding properties of the
modified protein have been described previously by Wilson
et al. (20). The final carboxymethylated cytochrome c com-
plex was suspended in 20 mM Hepes, pH 8.0.

Fluorescence Anisotropy-based DNA-binding Assays—Fluo-
rescence anisotropy-based DNA-binding assays with DNR
were performed using 6.4 nM DNA. Purified DNR was sus-
pended in 50 mM Tris-HCl, pH 7.6, and 100 mM NaCl at a heme
concentration of 5 �M in a gastight 1 � 1 cm optical path length
cell, degassed, and reduced with 0.5 mM dithionite to obtain
ferrous deoxy-DNR. To obtain the nitrosyl and carbonmonoxy
adducts, the deoxy form was equilibrated with 1–10% NO (for-
mation of the 5-coordinate ferrous DNR-NO complex could be
verified spectroscopically; ferric DNR can also bind NO (6)) or
100% CO in the gas phase, respectively.
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A 26-mer of double stranded DNA, corresponding to a frag-
ment of the P. aeruginosa nor promoter (5) and containing the
putative binding site for DNR, was obtained by mixing
equimolar amounts of the two complementary oligonucleotides
5�-GGAATCTTGATTGCCATCAAGCGGGT-3� (forward) and
5�-ACCCGCTTGATGGCAATCAAGATTCC-3� (reverse) (Euro-
gentec). The 5�-extremity of the forward oligonucleotide was
labeled with Texas Red. The oligonucleotides were heated 3
min at 80 °C followed by slow cooling down to room tempera-
ture to allow complete annealing. The DNA concentration in
the assays was 6.4 nM. DNA was degassed in a gastight vial and,
for the experiments with liganded DNR, equilibrated with a
10% NO or 100% CO atmosphere. Reduced DNR-NO or
DNR-CO complex was added stepwise using a gastight Hamil-
ton syringe up to concentrations of 300 nM. This procedure
avoids loss of ligand from the DNR hemes upon addition.
Fluorescence anisotropy was measured following a procedure
as described (21) in a Cary Eclipse fluorometer equipped with a
manual polarization device, with an excitation beam centered
at 590 nm and scanning the Texas red emission spectrum. Ani-
sotropy data were fitted to a hyperbolic binding curve (Lang-
muir equation) to determine the binding constant (Kd). For
comparison, binding assays for CooA were performed similar
as described in Ref. 22, using two strands of complementary
26-mer oligonucleotides containing PcooF (5�-ATAACTGTC-
ATCTGGCCGACAGACGG-3� and 5�-CCGTCTGTCGGCC-
AGATGACAGTTAT-3�) (Eurogentec), with the 5�-extremity
of the forward oligonucleotide labeled with Atto-390, and as a
control, using the above-described nor promoter fragment,
similarly Atto-390 labeled. In these experiments, the excitation
beam was centered at 390 nm, and the Atto-390 emission spec-
trum was scanned.

Ultrafast Spectroscopy and Data Analysis—For ultrafast
spectroscopy experiments, the samples were prepared as
described for the DNA binding assays, but at a heme concen-
tration of �40 �M, in 1-mm optical path length gastight cells.
Experiments on the DNR-NO complex were performed in the
absence or presence of unlabeled nor promoter at a stoichio-
metric amount (one double-stranded DNA per dimeric DNR
complex).

Most multicolor femtosecond absorption experiments were
performed as described (23) with a �30-fs pump pulse centered
at 565 nm and a �30-fs white light continuum probe pulse, at a
repetition rate of 30 Hz. Full spectra of the test and reference
beams were recorded using a combination of a polychromator
and a CCD camera. The sample was maintained in a thermo-
statted sample holder that was continuously moved perpendic-
ular to the beams to ensure sample renewal between shots. At
temperatures below 10 °C, nitrogen gas was blown over the cell
surfaces to avoid condensation.

Multicolor femtosecond absorption experiments on the
DNR-NO complex were performed on a 500 kHz repetition
rate setup as described (24) based on a Quantronix Integra-C
Ti-Saph oscillator/amplifier system, with a pump pulse cen-
tered at 570 nm. In this system, both test and reference probe
beams pass through the sample, which is rastered with a Lissa-
jous scanner.

Correlated noise in the data sets was diminished by Singular
Value Decomposition filtering. Data were globally analyzed in
terms of multiexponential decay using the Glotaran package (25).

RESULTS

DNA Binding Affinity of DNR—As NO-dependent activation
of DNR is thought to occur through a heme-induced confor-
mational change (11), quantitative DNA-binding assays based
on fluorescence anisotropy were carried out to determine the
affinity of the transcriptional regulator DNR for nor promoter
DNA in the active NO-bound form. Absorption spectroscopic
analysis showed that NO was saturating under assay condi-
tions. Addition of reduced DNR-NO to the labeled DNA
increased the fluorescence anisotropy of the label, because for-
mation of the DNR-DNA complex increases the volume of the
labeled complex and hence slows down its rotational move-
ment. From the saturation curve, a binding constant (Kd) of
44 	 9 nM was determined (Fig. 1A). The reduced unliganded

FIGURE 1. Binding of DNR and CooA to labeled target DNA determined by
fluorescence anisotropy. A, high affinity binding of DNR to Texas Red-la-
beled nor promoter fragment target DNA is only observed in the NO-bound
form and not with reduced or CO-bound DNR. B, binding of the CooA-CO
complex to Atto-390-labeled target DNA (PcooF) and control reaction with
Atto-390-labeled nor promoter fragment. The data of the latter are vertically
displaced by �0.056 for clarity.
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and CO-bound forms of DNR exhibit almost constant aniso-
tropy values and no saturation under the same conditions, con-
sistent with low affinity and nonspecific DNA-binding.

We similarly determined the affinity of the CooA-CO com-
plex for CooA-specific DNA at 16 	 6 nM (Fig. 1B), consistent
with the report of Ref. 22. As a control of specificity, a CooA
binding assay was also performed under the same conditions
using the nor promoter DNA. This assay did not result in
observable specific anisotropy changes (Fig. 1B).

Ultrafast Recombination of NO in DNR—Due to the limited
stability of the DNR-NO complex, ultrafast transient spectra
can be obtained only with relatively poor signal to noise. Nev-
ertheless, it is clear that photodissociation of the heme-NO
bond in the 5-coordinate DNR-NO complex leads to formation
of a 4-coordinate complex. After subpicosecond dynamics
reflecting the heme photophysics, the transient spectrum (Fig.
2A, inset) is a typical 4-coordinate minus 5-coordinate nitrosyl
spectrum (26 –28). This spectrum subsequently decays in �7
ps for 
90% (Fig. 2A). These kinetics are similar to those
obtained for the internal residue, suggesting that they reflect
the intrinsic, barrierless bond formation between NO and
heme. Heme-NO recombination generally has a very fast phase
of 5–10 ps (13), but for most naturally ligand-binding proteins,
additional phases and sizeable escape yield have been observed.
A notable exception is the mammalian NO receptor GC (26), in
which monophasic near unity QY recombination occurs.

In the presence of nor promoter DNA, the spectral evolution
is identical within the signal/noise to what has been observed
without target DNA (Fig. 2A), although the complex was signif-
icantly more stable in this case. This allowed us to determine
that the decay phase amounts to 
95% under these conditions.

Dynamics of CO in DNR and CooA—DNR has a predomi-
nantly 6-coordinate heme iron in the oxidized and reduced
form (6), and binding of a gaseous signaling molecule will occur
in competition with an internal amino acid residue ligand. Fig.
2 shows transient spectra at different delay times (B) and kinet-
ics (C) after dissociation of CO from DNR. The transient spec-
tra, with a minimum at 424 nm and a maximum at 442 nm,
reflect the formation of a 5-coordinate heme upon CO dissoci-
ation. The shape of the transient spectrum remains virtually
unchanged on the time scale of a few picoseconds to a few
nanoseconds. This indicates that the spectral evolution reflects
only CO rebinding to the heme and no formation of a 6-coor-
dinate complex with two intrinsic residues. Upon dissociation,
CO is located within the heme pocket, from which it can either
rebind to the heme (geminate rebinding) or migrate out of the
protein. The decay of the amplitude of the transient spectra
implies that CO partially recombines on the picosecond-nano-
second time scale. The kinetics of rebinding are qualitatively
similar to those of CooA (29, 30), but the amplitude of the
recombination phase is much lower and as much as �35% of
the dissociated CO escapes the heme pocket. The rebinding
kinetics can be well described by two exponential phases of
�100 (30%) and �900 (35%) ps. These data indicate that in a
substantial fraction of the proteins heme-CO recombination
occurs on a similar time scale as CO escape from the heme
pocket. Therefore, these kinetics are expected to be sensitive to

FIGURE 2. NO and CO rebinding in DNR. A, kinetics at 435 nm reflecting NO
recombination to DNR in the absence (open symbols) and presence (closed
symbols) of nor promoter DNA. The solid line is a fit to a single exponential with
a time constant of 7 ps to the data with DNA resulting from a global analysis.
Inset, transient spectra at different delay times in the presence of DNA. Panels
B (transient spectra) and C (kinetics) reflect CO dissociation from and rebind-
ing to DNR in buffer, at 20 °C. The solid lines in the kinetic traces are fits to two
exponential components and a constant (see text) resulting from a global
analysis.

Dynamics of Heme-binding, Gas-sensing Regulator DNR

SEPTEMBER 19, 2014 • VOLUME 289 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 26517



parameters affecting the competition between CO escape and
recombination to heme.

Fig. 3A shows that in DNR, upon increase of the solvent vis-
cosity by adding glycerol, the escape yield of the dissociated CO
strongly decreases. This effect is similar to what was previously
observed for CO rebinding to E. coli Dos (15) and indicates that
the solvent viscosity slows down protein motions that allow
ligand escape, thus increasing the effective energy barrier for
ligand escape. Interestingly, a qualitatively similar effect is
observed for CO rebinding to CooA (Fig. 3B). As the ligand
escape yield from the heme pocket is very low here (�5%), even
in the absence of glycerol, the overall effect is much smaller
than in DNR. Yet, these results indicate that barriers in ligand
escape may also play a role in the multiphasic rebinding kinetics
of CO to CooA (see below).

A more quantitative way to determine energetic barriers in
ligand migration is to investigate the temperature dependence
of the ligand dynamics. Fig. 4A shows the geminate rebinding

kinetics of CO to the heme of DNR over a 24 ° temperature
range. Clearly, at higher temperatures ligand binding decreases,
indicating a significantly increasing CO escape yield. The
amplitude and rate constant k0 of the fastest decay phase (100
ps; (�1)) are constant within experimental error. All tempera-
ture dependence resides in the relative amplitude and rate con-
stant of the slower phase (�2) (Fig. 4B). We therefore assign the
fastest decay rate to a fraction � of dissociated CO that recom-
bines directly with the heme in a barrierless way. The remain-
ing, slower fraction � of dissociated CO can either rebind or
escape. With the goal to gain insight into the direct competition
between CO rebinding (k1) and escape from the heme pocket
(k2), we analyzed fraction � according to the following Scheme
1 (see also Fig. 4D).

Fe � CO ¢O
k1

�Fe…CO�IOB
k2

�Fe……CO�II

(Scheme 1)

Within this scheme, the observed rate constant k of CO rebind-
ing to the bound state equals k � k1 � k2 and the rebinding
fraction A equals A � k1/(k1 � k2) (31), so that we can relate the
measured parameters k and A to the intrinsic rate constants k1
and k2 as k1 � Ak and k2 � (1 � A)k (15). Fig. 4C shows an
Arrhenius plot of both rate constants k1 and k2. Whereas the
rebinding reaction (rate constant k1) is not activated (Ea � 1 	
7 meV), the escape reaction (rate constant k2) experiences an
activation barrier of �70 meV (�7 kJ/mol) (Table 1). Alto-
gether, we conclude that the temperature dependence of the
CO rebinding kinetics can be essentially described by a barrier
in CO escape, in agreement with the observed viscosity
dependence.

A qualitatively similar temperature dependence of CO
recombination is observed for the CO sensor protein CooA
from R. rubrum (Fig. 3B, inset) and from Carboxydothermus
hydrogenoformans (29). Unfortunately in CooA, a quantitative
analysis similar to the one performed for DNR is complicated
by the very low escape yield of CO. Together with our previous
work on the 6-coordinate heme sensor protein Dos from E. coli
(Table 1) (15), our findings indicate that in all these systems an
enthalpy barrier for escape of the ligand from the heme pocket
exists, whereas geminate rebinding to the heme, on the pico-
second time scale, is not an activated process. Interestingly, in
these three heme sensor systems studied, a functional exchange
between an external diatomic ligand and an intrinsic ligand
residue takes place. Therefore, a reorganization of the heme
pocket must occur upon binding of an external ligand, possibly
putting strain on the distal heme environment that may influ-
ence the ligand escape pathways and barriers. To further inves-
tigate this issue, we examined a heme sensor system in which
sizeable CO recombination occurs within the heme pocket, but
no exchange with an internal amino acid ligand takes place.

Dynamics of CO in DosT—The GAF A sensor domain of
DosT from M. tuberculosis contains a heme that is 5-coordi-
nate in the ferrous (Fe2�) deoxy state (16, 32) and a distal tyro-
sine (Tyr-169) that interacts with heme-bound (33) and disso-
ciated (19) ligands in the heme pocket. In wild type DosT,

FIGURE 3. Solvent viscosity dependence of CO rebinding. Shown are the
normalized kinetics of CO recombination at the induced absorption maxi-
mum in DNR (A) and CooA (B). The kinetics can all be fit with two decay
components with similar time constants and an offset. The inset in A shows
the amplitudes of the �100-ps phase (A1), the �900-ps phase (A2) and the
offset (Ainf). The inset in B shows CO rebinding in CooA at different tempera-
tures in the absence of glycerol.
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CO-heme geminate recombination occurs to a modest extent
(�20% up to 2 ns) and in a highly multiphasic way. This indi-
cates that here CO escape from the heme pocket is more effi-
cient than CO rebinding. We found that over the temperature
range 10 –28 °C, virtually no change in the CO rebinding kinet-
ics occurs (data not shown). If the competition between rebind-
ing and escape would be at the origin of the temperature
dependence (as deduced for DNR and CooA), this finding
might just be related to the low amplitude of the rebinding,
rather than to barrierless ligand dynamics.

We therefore looked for a DosT variant susceptible to be
more sensitive to changes in the balance of this competition.

We found that substantially more extensive, as well as kineti-
cally more homogeneous, recombination occurs in the DosT
Y169F variant (19). Here, �40% decay occurs with a major
component in the 100-ps time range (19). Thus, in this mutant,
escape and recombination rate constants are presumably more
similar. Fig. 5A shows the CO rebinding kinetics at two differ-
ent temperatures in this mutant. As in WT, the kinetics are very
similar. To quantify eventual energy barriers, we performed an
analysis similar to that of the DNR data.

Apart from a phase of a few picoseconds that has different
spectral properties and can be ascribed to heme photophysics
(19, 34), the spectral evolution can be described by two rebind-
ing phases with time constants of �70 ps and 
�4 ns. The
latter phase corresponds to a sizeable decay on the 2-ns time
scale (Fig. 5A), but the amplitude and exact time constant of this
phase cannot be determined within our time window. Based
upon the analysis according to Scheme 1, we will assume that
this phase reflects recombination from ligand positions out of
the heme pocket ((Fe……CO)II in Scheme 1); the relative ampli-
tude of this phase (that includes all phases 
 4 ns) then corre-
sponds to the yield of escape from the heme pocket. Fig. 5B
shows the relative amplitudes of the decay phases A1 (�70 ps)

FIGURE 4. Temperature dependence of CO recombination in DNR. A, induced absorption kinetics at various temperatures. B, temperature dependence of
the time constants of the decay phases and amplitude of the non-decaying fraction. �1, time constant of fastest decay phase; �2, time constant of slow decay
phase; Ainf, amplitude of asymptotic phase. C, Arrhenius plot of the microscopic rate constants in DNR upon analysis according to Scheme 1. kB, Boltzmann
constant; T, temperature. D, scheme for the analysis of the T-dependent fraction of CO recombination to DNR. Two subpopulations with CO close to the heme
are considered, being populated with different amplitudes immediately following CO dissociation. See text for details.

TABLE 1
Observed barriers for CO recombination and backward migration (Eb)
and escape from the heme pocket and forward migration (Ef) in vari-
ous heme proteins
Values are in meV.

Eb Ef Ref.

DNR 1 	 7 71 	 15 This work
DosT Y169F �9 	 6, �1 	 8 10.0 	 20 This work
Carboxymethylated

cytochrome ca
�18 	 5, 11 	 15 34 	 9, 41 	 9 This work

E. coli Dos �4 	 3 45 	 10.0 Ref. 15
a See scheme in Fig. 6C.
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and A2 (
�4 ns) and the rate constant k1 (of the picosecond
phase) as a function of temperature. Both processes are found
to be essentially barrierless (Fig. 5C). In particular, we deduce
that the enthalpy barrier for ligand escape is �35 meV.

Dynamics of CO in Carboxymethylated Cytochrome c—To
determine whether these observations are specific for heme
sensor proteins, we compared these findings to a non-sensor
heme protein. We therefore studied cytochrome c, the intrinsic
function of which is not the interaction with external diatomic
ligands, but electron transfer. Cytochrome c is a relatively rigid

protein (35, 36) that is energetically optimized for its electron
transfer function and the heme is 6-coordinate with histidine
and methionine as axial ligands. Native cytochrome c does not
readily bind external ligands, but in modified cytochrome c pro-
teins, where the methionine ligand has been replaced or altered,
CO (and other ligands) can coordinate to the heme cofactor (23,
37– 41). In these systems, geminate heme-CO rebinding occurs
on the picosecond-nanosecond time scale to an extent depending
on the residue replacing methionine (23) or the chemical modifi-
cation procedure (17). These systems are interesting models for
ligand dynamics in intrinsically rigid protein systems. We choose
to study carboxymethylated cytochrome c because it has both con-
siderable CO rebinding and a substantial escape fraction (17) and
is stable over a large temperature range.

Fig. 6A shows the CO recombination in carboxymethylated
cytochrome c over the temperature range 10 –75 °C. Here, the
recombination is more heterogeneous than in the above-stud-
ied systems, as three exponential decays are required to fit the
data (17), with time constants of �10, �100, and �600 ps. Fig.
6B shows the relative amplitudes of the phases and of the non-
decaying phase; the time constants do not strongly vary with
temperature. As a minimal model to analyze the data, we
assume that the fastest phase (�10 ps) arises from a distinct
population that corresponds to direct barrierless recombina-
tion to the heme. The remaining four-parameter decay (com-
prising two exponential decay times and two independent
amplitudes) was analyzed in terms of the simple four rate-con-
stant model represented in Fig. 6C that is an extension of
Scheme 1, including an additional intra-protein docking site. The
resulting Arrhenius plots of this analysis are shown in Fig. 6D. Only
the forward migration reactions (k3 and k5) are associated with
significant (�40 meV) positive activation barriers. The back reac-
tions do not significantly depend on temperature (k1 and k4) or
even display a small negative barrier (k2). The latter feature prob-
ably is not real and may reflect the fact that the model is an over-
simplification and that additional states (either directly populated
dissociated states or intermediate migration states) also play a role.
Thus, qualitatively the overall trend in this protein is the same as in
6-coordinate heme-based sensor proteins and specifically the CO
migration toward the exterior of the protein requires thermally
activated protein motions.

DISCUSSION

DNA Binding Affinity of DNR—Fluorescence anisotropy-
based DNA-binding assays were carried out to quantitatively
determine the affinity of the transcriptional regulator DNR to
nor promoter DNA in its active NO-bound and inactive forms.
The non-saturating behavior of the reduced and CO-bound
forms of DNR is consistent with some nonspecific binding,
whereas for NO-bound DNR, the observed anisotropy satura-
tion upon protein addition is a hallmark of sequence-specific,
single site binding. The observed DNA binding constant (Kd) of
44 	 9 nM and the high sequence specificity of binding are
consistent with a transcription factor activity, although it is
more than an order of magnitude lower than what is observed
for active cAMP receptor protein (42). Our results provide
direct evidence for NO-specific recruitment of DNR, in agree-
ment with this transcription factor acting as NO sensor protein.

FIGURE 5. Temperature dependence of CO recombination in DosT Y169F. A,
kinetics at 8 and 28 °C. B, temperature dependence of the rate constant of the
picosecond phase and amplitude of the two decay phases. C, Arrhenius plots of
the rate constants revealing that both processes are essentially barrierless.
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Ligand Dynamics in DNR—Our data include the first ultra-
fast spectroscopic experiments on ligand dynamics in the pre-
sumed NO-sensing transcription factor DNR. Although the
kinetics of CO rebinding to DNR occur on the same time scale
as in the structurally related CO sensing transcription factor
CooA, our data highlight that in DNR the yield of CO escape
from the heme sensor pocket is �10-fold higher. In DNR,
recombination of NO takes place mono-exponentially and very
efficiently (
90%) with a time constant of �7 ps, similar as is
observed in the mammalian NO receptor sGC (26, 43), suggest-
ing this behavior to be a common feature in NO-specific heme
sensors. Taken together these findings are in agreement with
previous observations that heme sensor domains act as a trap
specifically for the physiologically sensed ligand (10) and DNR
acting indeed as NO sensor.

The only known structure of a 5-coordinate heme-NO com-
plex is that of cytochrome c� from Alcaligenes xylosoxidans (44),
where NO replaces the proximal histidine ligand. A similar
equilibrium binding mode, reached via transient binding of NO
on the distal side, has been proposed for sGC (45). The similar
kinetic properties of NO rebinding to DNR (Fig. 2A), sGC (26)

and cytochrome c� (28), might be considered as an indication of
a similar binding mode in DNR. However, we note that the
ligand binding mechanism must be different in DNR, as NO
binding is associated with the dissociation of two internal heme
ligands, whereas in sGC and cytochrome c�, the heme is five-
coordinate in the deoxy state. For now, in the absence of struc-
tural information on the heme environment; these issues
remain to be clarified.

Effect of DNA Binding on Ligand Recombination—Recent
work by Champion and co-workers (29) has shown that binding
of DNA to the CooA-CO complex leads to kinetically more
homogeneous heme-CO rebinding, an observation that was
interpreted in terms of DNA-induced stabilization of a specific
protein configuration. For the DNR-NO complex, in the
absence or presence of bound DNA, we observed identical,
mono-exponential, kinetics within experimental error (Fig.
2A). As NO recombination in 5-coordinate complexes of heme-
based sensors always occurs with high efficiency within a few
picoseconds (10), the NO recombination kinetics are likely not
very sensitive to protein configurational changes. We note,
however, that our qualitative observation of higher complex

FIGURE 6. Temperature dependence of CO recombination in carboxymethylated cytochrome c. A, kinetics of negative absorption changes at various
temperatures. B, temperature dependence of the relative amplitudes of the three decay phases (A1, �10 ps; A2, �100 ps; and A3, �600 ps) and of the
non-decaying fraction (Ainf). C, reaction scheme for CO migration in carboxymethylated cytochrome c. D, Arrhenius plot of the microscopic rate constants upon
analysis according to this scheme. kB, Boltzmann constant; T, temperature.
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stability upon DNA binding is consistent with conformational
selection upon specific binding of DNA.

Activation Barriers for CO Escape and CO-heme Binding—
We used CO recombination kinetics on the picosecond and
nanosecond time scale to probe the energetic barriers of gemi-
nate CO rebinding and intraprotein migration in two 6-coordi-
nate heme sensor proteins: P. aeruginosa DNR and R. rubrum
CooA. Our findings were compared with the 5-coordinate
mycobacterial, heme-based sensor DosT and the electron
transfer protein derivative carboxymethylated cytochrome c
(Table 1). All investigated heme proteins display substantial CO
recombination on the picosecond and nanosecond time scale.
This is in contrast to myoglobin and hemoglobin where the lack
of recombination effectively competing with escape prohibits
determination of the energetic parameters (although similar
primary CO escape mechanisms may occur as in DosT).

Barrierless CO Recombination—We found that for all studied
complexes: DNR, R. rubrum CooA, DosT, and carboxymethy-
lated cytochrome c, as well as for the previously studied E. coli
Dos (15), intrinsic heme-CO rebinding on the picosecond time
scale takes place essentially without an enthalpy barrier. These
findings are also in agreement with similar experiments in
C. hydrogenoformans CooA, concluding no enthalpy barrier
from the distal heme pocket (29). In the latter work, a modest
temperature dependence was attributed to changes in the dis-
tribution of the heme configuration, whereas in the systems
studied in our work, the temperature predominantly influences
the ligand escape yield. The time constants of the barrierless
rebinding processes range from �10 ps to a few ns in these
proteins and are mostly heterogeneous. This variation implies
that these time constants do not represent the intrinsic time of
bond formation between free CO and 5-coordinate domed
heme. We propose that they correspond to the time that the
dissociated ligand requires for sampling different configura-
tions within the heme pocket, until it eventually finds a config-
uration allowing heme-ligand bond formation, reflecting the

entropy contribution to the recombination process. Conse-
quently, the variation in the binding time constants reflects
different formation times of favorable binding configurations
compared with the ensemble of possible configurations within
the heme pocket. Thermal motions of the environment do not
significantly influence these sampling rates, suggesting that
they can be viewed as motions in a relatively immobile cage and
that protein constituents do not form a physical barrier
between ligand and heme. As CO binds to heme in a near-
perpendicular configuration, the CO orientation with respect
to the heme normal is expected to be a critical parameter. The
barrierless binding rate constants deduced within several pro-
tein systems presumably reflect distinct heme-CO bound con-
figurations that interconvert slowly on the time scale of the
experiment as have been observed in time-resolved infrared
experiments in CooA (46) and carboxymethylated cytochrome
c (47).

Ligand Escape from the Heme Pocket—For the DNR-CO
complex, our analysis indicates an energy barrier of �70 meV
for migration of CO from the initially dissociated configuration
(from which direct recombination is possible) to a further lying
configuration. This barrier is of the same order of magnitude as
the one (45 meV) previously established for E. coli Dos (15). In
CooA, qualitatively similar results were obtained, but the yield
of escape was too low to allow a quantitative estimation of the
enthalpy barrier. As indicated before, in these three six-coordi-
nate heme sensor proteins an external ligand replaces an inter-
nal amino acid residue (Met for E. coli Dos (48), N-terminal Pro
for CooA (7) and probably His for DNR (49)). In contrast, the
enthalpy barrier for ligand escape in DosT, where the heme is
5-coordinate in the absence of external ligands, was zero within
experimental error. This comparison suggests that the pres-
ence of a replaced internal ligand in 6-coordinate systems cre-
ates a barrier for ligand escape, a suggestion that is in general
agreement with the notion that the replaced internal amino
acid residue is constrained to undergo substantial reconfigura-

FIGURE 7. CO escape and heme binding in 6-coordinate heme sensor proteins. General energy (bottom) and configurational (top) schemes are shown. Here, the
residue coordinating at the distal side is depicted as a histidine. The configuration on the right, corresponding to the heme with two protein axial bonds and CO in the
environment, is not reached within the time scale of our experiments; consequently, the corresponding energy landscape is depicted with a dotted line.
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tion. Conversely, this internal ligand exerts, directly or indi-
rectly, strain on the dissociated external ligand and, rather than
forcing the ligand out of the near heme environment, creates a
barrier for its escape. In this way, the barrier helps to “trap” the
ligand in the heme pocket (10, 50). We emphasize that the pro-
tein motions allowing CO to escape are not directly involved in
placing the internal ligand in a favorable binding condition
within the heme pocket, as internal ligand rebinding upon CO
dissociation occurs in microseconds and is negligible on the
nanosecond time scale. Also, binding of CO (and NO) from
solution to the 6-coordinate ferrous complex occurs on the
10�1–100 s time scale and is rate-limited by the dissociation of
the internal residue ligand (6), as is also the case in CooA (51).
Thus, whereas the barrier for ligand escape from the heme
pocket is provided by protein motions, the major energy barrier
for binding of external ligands from the solvent originates from
the dissociation energy of the internal ligand (Fig. 7).

Cyt c is a relatively rigid protein (35, 36) and does not contain
a native ligand binding pocket or ligand access pathway; con-
sistently, the CO escape yield of CO-binding cytochrome c vari-
ants is relatively low (17, 23, 47). Consequently, protein
motions are expected to enhance the probability of CO escape.
Our observation that significant barriers for ligand escape from
the heme environment are also present in carboxymethylated
cytochrome c (Fig. 6) therefore supports the general notion that
they arise from movements of the protein moiety.

Some members of the globin family, including nonsymbiotic
plant hemoglobins and mammalian neuroglobins and cytoglo-
bins, are also 6-coordinate heme proteins that bind external
ligands (52). The CO geminate recombination on the picosec-
ond/nanosecond time scale is, at least in neuroglobin (53)4 and
cytoglobin,5 less extensive than in the sensor proteins studied in
the present work. In these globins, CO dynamics between intra-
protein cavities have been studied with lower time resolution
(
10 ns). The temperature dependence of the small recombi-
nation phases on the submicrosecond time scale (the extent of
which appears to correlate with the presence of an internal
heme ligand (54)) also indicates virtually barrierless recombi-
nation toward the heme pocket and activated migration toward
the solvent (55, 56), with barriers on the same order of magni-
tude as found in the present work. Thus, whereas these studies
do not cover the initial ligand migration steps, comparison with
our work supports that these properties are general features of
6-coordinate heme proteins.

In summary, our results provide evidence that the rearrange-
ment motions of the intrinsic distal heme ligand (an amino acid
residue) are largely responsible for the enthalpy barriers of the
initial ligand escape pathway in 6-coordinate heme proteins.
Ligand rebinding from the initial docking site is near barrier-
less. These findings are schematically represented in Fig. 7. For
DNR, we have demonstrated NO-specific DNA binding and
NO-heme dynamic interactions, typical for NO sensor pro-
teins, which have potential to further unravel how these events
at an ultrafast time scale eventually trigger chromatin recruit-
ment. Mechanistic studies on the intraprotein signaling mech-

anism in DNR will be possible on a more detailed level when
precise structural information on the heme binding properties
is available.
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